abSTraCT Not only is the energy efficiency of buildings nowadays becoming more and more important; the legislative requirements, the people's awareness of the environmental questions and their thermal comfort expectations are also on a much higher level. all of these issues can be addressed by making the building envelope more thermally resistant. however, with the traditional thermal insulation materials the thickness of thermal insulation layers is already at the viable limits. Therefore, the development of new, more efficient thermal insulation products with a higher thermal resistance is highly promoted. Preliminary research results can be applied to models to develop and confirm the conceptual designs of such new materials. In this paper, an analysis of thermal performance is presented for a novel thermal insulation consisting of graphite polystyrene (gPS) matrix with cavities filled with an insulative gas, and a protective sheath to prevent it from leaking. bearing in mind the suitability for later production, different configurations of the assembly were considered, regarding the matrix geometry, the type of the gas filling, and the surface emissivity of the cavities. a range of numerical simulations of heat transfer was conducted to determine the efficiency of different designs in reducing the conductive, the convective, and the radiative heat transfer. advantages, limitations and some detailed parameters of the proposed design concepts were determined, which were then used for optimisation. The analysis of the results indicates that the equivalent thermal conductance of a gPS panel can be significantly reduced by the introduction of gas-filled cavities. The reduction is highly dependent on the type of the gas filling (thermal conductivity, viscosity, specific heat, etc.), the size of the cavities, and the cavity surface emissivity.
The objective of the present study was to propose a range of possible gfP designs and examine their thermal performance using numerical simulations of heat transfer in order to determine the optimal configuration and evaluate the improvement of the proposed design over the plain gPS panel. The designs under consideration varied in the geometry of the graphite polystyrene (gPS) core, the gas filling, and the cavity surface emissivity. attention was given to detail, such as cavity size and shape, as well as heat flow direction. The numerical model used for the simulations was validated with an experiment.
2 METhODOlOgy bearing in mind the suitability for later production, four geometries of the graphite polystyrene (gPS) matrix were chosen and combined with different gas fillings and surface emissivities of the matrix cavities. a numerical simulation of heat transfer was performed for each configuration, using a numerical model validated by experimental measurements. Two physical directions of heat flow were considered -the panel could be exposed either to horizontal or to upward heat flow, corresponding to installation of the panel in a wall or in a ceiling, respectively. finally, the equivalent thermal conductivity of each panel was calculated.
Next, two of the chosen geometries were modified so as to share the shape and the size of the cavities, while differing in their alignment. The influence of cavity alignment on the intensity of different forms of heat transfer was examined through additional numerical simulations, performed for selected gfP configurations.
The last task was the optimisation of cavity size in regard to convection, i.e. the greatest cavity size to suppress convection, for various gas fillings and two heat flow directions. The influence of the temperature gradient was considered as well.
geometry, gas fillings, emissivities
Cross sections of the four chosen geometries are shown in fig. 1 , their outer dimensions are 40 cm × 8 cm. The long sides are exposed to external and internal environments, so the heat flow is parallel with the short sides. The maximum dimensions of individual cavities in the direction of the heat flow, which importantly affect the thermal performance of the insulation, are as follows:
Corner cavities in geometry 1 adjacent to the long and the short edges of the cross section are 5 mm and 20 mm thick, respectively. Thickness of the elongated central cavities is 15 mm, figure 1: geometries of graphite polystyrene matrices under consideration. and of all the remaining cavities, 10 mm. geometry 2 is identical, only the two central cavities are replaced by three thinner ones of thickness 10 mm. Diagonals of the diamond-shaped cavities in geometry 3 measure 11.5 mm. The cropped cavities next to the long edges of the cross-section are 8.2 mm thick. The square cavities in geometry 4 have sides of 12.5 mm, the rectangular cavities near the long edges are 8.8 mm thick.
Due to the different sizes of square-and diamond-shaped cavities in geometries 4 and 3, the two cannot be directly compared. for this reason, modified geometries 4a and 3a have been analysed as well, both of them having cavities with sides of 10 mm.
The described gPS matrices were combined with five different gas fillings. Despite the superior performance, krypton (kr) and xenon (Xe) were discarded after initial testing, due to excessive price. further analyses were performed with argon (ar), carbon dioxide (CO 2 ) and air. also, three treatments of cavity surfaces have been considered: untreated surfaces with emissivity equal to that of gPS (e = 0.75), surfaces with a low emissivity finish (e = 0.05), and an intermediate variant (e = 0.30).
Numerical modelling
Numerical simulations of steady-state heat transfer were conducted using Physibel bisco 11.0 software. Thermal conductivity of graphite polystyrene was l gPS = 0.031 W/mk and its surface emissivity, e gPS , took three different values (0.75, 0.30, 0.05). according to standard [9] , the contribution of thin polymer layers to the thermal resistance of a building element may be neglected. for this reason, the metalized polymer foil forming the protective sheath was only modelled as a boundary between the outer cavities and the (internal or external) environment at the long edges of the panel. The surface emissivity at this boundary was e = 0.05. unventilated cavities were treated in accordance with the radiosity method, described in standard [10] . In this method a cavity is replaced by transparent material, the thermal conductivity of which accounts for the convective heat transfer through the cavity. The radiative heat transfer is calculated separately, depending on the geometry of the cavity and on the temperatures and the emissivities of individual surfaces.
Thermal conductivity of the substitute material was calculated as the conductivity of still gas, multiplied by the Nusselt number (Nu), which describes the intensity of convection. The value of Nu was determined according to standard [11] , depending on the type of the gas filling, the physical direction of the heat flow, and the maximum dimensions of the cavity parallel with the heat flow. Thermophysical properties of the gas fillings, collected in Table 1 , were taken from standard [11] , except for the properties of CO 2 which were taken from [12] . * Thermal conductivity of still gas (no convection)
The boundary conditions, imposed at the external and internal (long) sides of the panel, are listed in Table 2 . Since the panels are not intended to be exposed directly to external or internal environments, a very low value was used for the surface resistance, simulating contact with another material. The short sides of the panel are adiabatic.
The surface thermal resistances in Table 2 were chosen according to our experience and are approximate, rather than exact values. however, their influence on the results of the analysis has proven insignificant. In a representative numerical simulation, an increase of the surface resistance by an exaggerated factor 10 (to 0.01 m 2 k/W) resulted in a reduction of the panel's equivalent thermal conductivity, l eq , by less than 1%. reduction of the resistance by the same factor (to 0.0001 m 2 k/W) had an even smaller effect, with an increase of l eq by less then 1‰.
Modification of geometries 3 and 4
geometries 3 and 4, proposed by the potential manufacturer of the gfPs, do not allow an objective comparison of panels with square-and diamond-shaped cavities because of the unequal side lengths of their cavities (12.5 mm and 8.1 mm, respectively). for this reason, modified geometries 3a and 4a were devised as meshes of 10 mm × 10 mm cavities divided by walls of thickness 3 mm, differing only in the alignment of the cavities -in geometry 4a the sides of the cavities are parallel with the sides of the panel, whereas in geometry 3a they are rotated by 45°.
Numerical simulations of heat transfer through gfPs with the modified geometries were performed for horizontal heat flow and air as the gas filling, giving special attention to different forms of heat transfer. In the basic numerical model (a) conduction through the gPS matrix, as well as radiation and convection through the cavities, were considered. In the following two models, the heat was transferred through the cavities only by radiation (b) or only by convection (C). In the final model (D), heat transfer through cavities was prevented completely (simulating vacuum and zero emissivity of cavity surfaces), allowing only conduction through gPS.
The influence of cavity size on the efficiency of geometries 3a and 4a was of interest as well, so the simulations were repeated for the panels, scaled by factors 2 and 4. Note that the wall thickness and the panel dimensions were increased accordingly.
Calculation of optimal cavity sizes in regard to convection
Intensity of convection in a cavity is largely determined by its size. If the cavity is small enough, convection is prevented and the heat is transferred through still gas by conduction. Optimal cavity dimensions, i.e. the largest that still prevent convection, were determined for two cavity shapes (square and diamond), five gas fillings (air, CO 2 , ar, kr, Xe), and two directions of the heat flow (horizontal and upward).
for each combination of the above elements, the Nusselt number (Nu), defined as the ratio between the convective and the conductive heat transfer, was calculated in accordance with [11] . The side length of the cavity was varied until finding the largest value to ensure Nu = 1 (absence of convection) and then rounded down to the nearest mm. The temperature gradient was assumed as constant throughout the panel and computed from the boundary temperatures in Table 2 and the thickness of the gfP. Several panel thicknesses were considered in the cases of air and CO 2 .
Validation of the numerical model
The numerical model was validated by measurements of heat transfer through a prototype gfP with geometry 1 ( fig. 2 ). The gPS matrix of the prototype contained air and was enclosed in a metalized polyester foil. The two elongated central cavities were lined with aluminium foil to ensure low emissivity, while the triangular cavities along the perimeter remained untreated. The dimensions of the panel were 400 mm × 400 mm × 75 mm. The equivalent thermal conductivity, l eq , of the prototype gfP was measured in an accredited laboratory by the heat flow meter method according to standard [13] . The measurement was performed in a single-specimen symmetrical configuration -with heat flow meters on both sides of the specimen. The dimensions of the hot and cold plates of the apparatus were 80 cm × 80 cm, and the size of the metering area was 16 cm × 16 cm.
The measured value l eq = 0.0314 W/mk pertains to the central area of the panel where the heat flux was measured and does not include the linear thermal bridge along the edges of the panel.
The experiment was replicated as closely as possible in the numerical model. The model was shortened so as not to include the thermal bridges near the adiabatic sides of the panel, i.e. the central cavities span the whole width of the model. furthermore, the tips of the original geometry 1 ( fig. 1 ) were removed to match the thickness of the specimen (75 mm instead of the original 80 mm).
The temperatures at the top and the bottom sides of the panel were set to 27.5°C and 14.5°C, respectively, to match the measurement conditions in the heat flow meter. The increased average temperature (21°C) required the adjustment of the thermal conductivity of graphite polystyrene to l gPS = 0.032 W/mk, in accordance with standard [14] . Similarly, the thermal conductivity of air was increased to l air = 0.0258 W/mk. according to standard [11] , convection is negligible in the case of downward heat flow. low emissivity, e al = 0.05, was only applied to the surfaces of the elongated central cavities, covered in aluminium, while the emissivity e gPS = 0.75 was assigned to the untreated gPS surfaces of the triangular cavities. The emissivity of the metalized polyester foil closing the triangular cavities was estimated to e MPE = 0.45 using a thermographic camera flIr b425.
figure 2: Prototype of a gas-filled panel with geometry 1.
The following procedure was used to determine e MPE . The metalized polyester foil was maintained at a constant temperature, T MPE , measured by a thermocouple. The emissivity setting, e Ir , of the thermographic camera was then altered until the temperature reading on the camera equalled T MPE . The final value of e Ir was taken as the emissivity of the specimen (e MPE = e Ir ). Due to the limited precision of this approach, the influence of e MPE on the results of the numerical analysis had to be tested. alteration of e MPE by ±0.05 (to 0.4 or 0.5) changed the final result (l eq ) by 1‰. Extreme alteration (e MPE equal to 0.05 or 0.9) changed it by 1%. Considering the minimal influence of e MPE on the simulation results, the applied procedure is deemed adequate.
The equivalent thermal conductivity of the prototype gfP, determined by the numerical simulation, took the value of l eq = 0.0307 W/mk which is approximately 2% lower than the measured value. The numerical simulation was performed twice, once applying the surface thermal resistances from Table 2 , and once applying no surface resistance. The results differed by only 1‰, implying irrelevance of this boundary condition for the case in question.
3 rESulTS Of NuMErICal SIMulaTIONS 3.1 gas-filled panels exposed to horizontal heat flow Equivalent thermal conductivities, l eq , obtained by numerical modelling of gfPs subject to horizontal heat flow, are collected in Table 3 . The results depend on the chosen geometry of the gPS matrix, the gas filling, and the emissivity, e, of cavity walls. The shaded fields represent the gfP configurations that exhibit better thermal performance than a simple gPS panel of equal thickness (l eq < l gPS = 0.031 W/mk). In other cases, cavities have a negative effect on the performance of the panel.
The cavities of all four core geometries in fig. 1 are small enough to prevent development of convection, regardless of being filled with air, CO 2 , or ar. In each case the equivalent thermal conductivity of the transparent substitute material is equal to the appropriate conductivity of still gas, specified in Table 1 , which is always lower than l gPS . If the convective heat transfer alone were considered, all gfPs would perform better than a simple gPS panel. This is confirmed by the simulations employing low cavity surface emissivity (e = 0.05).
In radiative heat transfer, however, the cavities in the gPS core have a negative influence on its thermal performance because the temperature difference within a cavity is much greater than in the micro-pores of gPS, which results in significantly increased heat transfer. In the case of non-treated cavity surfaces (e = 0.75) this effect prevails over the benefit in conductive-convective heat transfer, regardless of the geometry and the gas filling. The effect can be mitigated by lowering the cavity surface emissivity. using CO 2 or argon, e = 0.30 already ensures net reduction of equivalent thermal conductivity (compared to l gPS ) but the improvement is relatively small. With air, a less effective insulator, this is only achieved with e = 0.05. Table 3 : Equivalent thermal conductivity, l eq [W/mk], of gfPs, depending on the gas filling and the cavity surface emissivity, in the case of horizontal heat flow. The best results are obtained with the lowest emissivity (e = 0.05) in combination with CO 2 or ar, giving an approximately 30% lower conductivity than that of plain gPS. Expectedly, geometry 2 outperforms geometry 1, but not by much (5-7% at e = 0.75 and 1-3% at e = 0.05). geometry 3 is slightly better. an interesting phenomenon is observed with geometry 4 which, at low emissivity, exhibits the best performance of all geometries, while performing worst at high emissivity. This implies that it is relatively ineffective against radiative, and more effective against convective heat transfer. figure 3 displays the temperature field (a) and the heat flux field (b) for the panel with geometry 1, filled with CO 2 , and with cavity surface emissivity e = 0.05.
Gas filling
3.2 gas-filled panels exposed to upward heat flow upward heat flow, with a high temperature at the bottom of the cavity and a low temperature at the top, creates more favourable conditions for the onset of convection, especially in cavities with a greater characteristic dimension and/or temperature gradient. Convection accelerates heat transfer through the cavity, i.e. increases the equivalent thermal conductivity of the substitute material in the numerical model. radiative heat transfer, on the other hand, is unaffected by the direction of the heat flow.
In geometry 1 convection occurs in the four corner cavities, adjacent to the short sides of the panel, and in the two elongated central cavities. The increase of the equivalent conductivity of these cavities is most obvious in the case of CO 2 , due to its low viscosity and high density. Smaller thickness of the central cavities in geometry 2 prevents convection in the cases of air and ar, and reduces it substantially in the case of CO 2 . Small cavities in geometry 3 ensure figure 3: graphical output of the numerical simulation for geometry 1, gas filling CO 2 absence of convection, regardless of the gas filling. The slightly bigger cavities in geometry 4 cannot prevent convection completely, especially if they are filled with carbon dioxide. Occurrence of convection in the panels exposed to upward heat flow reflects in their reduced thermal resistance. Table 4 shows the equivalent conductivities of gfPs, depending on the geometry of the gPS matrix, the gas filling, and the cavity surface emissivity. The shaded fields represent the configurations that perform better than a plain gPS panel of the same thickness, i.e. l eq < l gPS = 0.031 W/mk (comparison was made before rounding the values of l eq to three decimal places).
The advantage of geometry 2 over geometry 1 is now more apparent than in the case of horizontal heat flow. at low emissivity (e = 0.05), the equivalent conductivity of the former is 7-14% lower, depending on the gas filling. The best thermal performance is observed in geometry 3, while the cavities of geometry 4 prove a bit too big for optimal performance, especially if the gas filling is CO 2 .
Comparison of data from Tables 3 and 4 is given in Table 5 showing the relative increase of the equivalent conductivity of gfPs in the case of upward heat flow, compared to horizontal heat flow (computed before rounding the values of l eq to three decimal places). Significant decline in thermal performance of geometry 1 is caused mostly by its relatively thick central cavities. geometry 3 gives the same results for both heat flow directions, its cavities being small enough to prevent convection in all considered situations. as for geometries 2 and 4, substantial differences are only observed if the panels are filled with CO 2 which, due to its thermophysical properties, requires smaller cavities to remain still.
Comparison of panels with square-and diamond-shaped cavities
The modified geometries 4a and 3a, having equally sized but differently aligned cavities (square and diamond, respectively), are compared in Table 6 . The presented equivalent Table 4 : Equivalent thermal conductivity, l eq [W/mk], of gfPs, depending on the gas filling and the cavity surface emissivity, in the case of upward heat flow. Table 5 : relative increase in [%] of the equivalent thermal conductivity of gfPs in the case of upward heat flow, compared to horizontal heat flow. thermal conductivities, l eq , were computed for three cavity sizes and for different forms of heat transfer (combinations of conduction, convection, and radiation). In the cases where heat is transmitted by radiation, results are given for two values of cavity surface emissivity, e = 0.05 and e = 0.75. The differences between the two geometries are small and, in many cases, cannot be observed from the rounded values in this table.
Gas filling

In model D, where heat is transferred by conduction through gPS alone, the thermal transmittance of the square geometry is 6% lower than that of the diamond geometry. The ratio is identical for all cavity sizes since the thickness of the gPS walls, the only conductor, grows proportionally with the whole panel.
If conductive-convective transfer through cavities is permitted as well (model C), the two geometries give more similar results. In the cases of cavities with side lengths of 10 mm and 20 mm, which are small enough to prevent convection, the difference between them is negligible, meaning that the diamond geometry is slightly advantageous regarding convection. The 40 mm cavities, however, allow the development of convection which is stronger in geometry 3a because of the larger temperature difference within the diamond cavities. Consequently, the increase of l eq in comparison with model D is slightly larger than exhibited by geometry 4a.
Numerical models a and b with low cavity surface emissivity (e = 0.05) give results rather similar to those of models C and D (without radiation), especially for the smaller cavity sizes, hence the focus is set on the cases with e = 0.75. as shown by model b (vacuum in the cavities), thermal resistance of the panel decreases with the increasing size of its cavities. a greater side length implies a larger temperature difference across the cavity and, consequently, a more intensive radiative heat transfer. geometry 4a (square) gives 5-6% lower values for l eq than geometry 3a (diamond). addition of conduction-convection through cavities (model a) reduces the difference to 3% for the large cavities, and eliminates it completely for the small ones.
Optimal cavity sizes in regard to convection
The maximum dimensions of diamond and square cavities that prevent the occurrence of convection in a panel of thickness 80 mm are collected in Table 7 . The calculated sizes depend on the heat flow direction and the chosen gas filling. In order to prevent convection in horizontal heat flow, the cavities should have side lengths smaller than approx. 20 mm if filled with air or argon, and smaller than 15 mm if filled with CO 2 or krypton. Xenon is even more demanding. In the case of upward heat flow, the cavities need to be nearly halved in size to achieve the same result. generally, the diamond cavities must be smaller than the square ones, but the difference is not significant. Table 8 displays how the value of d max changes with the thickness of the gfP. at unchanging boundary conditions (Table 2 ), a thinner panel implies a greater temperature gradient and, consequently, more favourable conditions for the onset of convection. In order to prevent it, the cavities must therefore be smaller than in the thick panels.
CONCluSIONS
The aim of this study was to introduce and assess the performance of a novel gas-filled panel (gfP) design based on a graphite polystyrene (gPS) core, with a metalized polyester envelope acting as a gas barrier. Numerical simulations of heat transfer were performed for different variations of the design -differing in the geometry of the gPS matrix, the gas filling, and the cavity surface emissivity -and for two heat flow directions -upward and horizontal. In each case the equivalent thermal conductivity of the panel was calculated to evaluate its thermal performance. Comparison of the results indicated how individual , of square-and diamond-shaped cavities, which prevent convection, depending on the thickness of gfP, the direction of the heat flow, and the gas filling (air and CO 2 ).
properties of the panel influence its performance and suggested their optimal combination. The numerical model was validated with standardised measurements of heat flow through a prototype gfP. Numerical simulations were also used to examine the influence of the cavity shape on the intensity of heat transfer. Square-and diamond-shaped cavities were considered. finally, the optimal sizes in regard to convection were calculated for both cavity shapes, considering different gas fillings, heat flow directions and temperature gradients. The research clearly demonstrates the two opposing effects caused by the presence of cavities in a gfP. On the one hand, they improve the panel's thermal performance because the conductivity of the gas filling is lower than that of gPS itself. On the other hand, the heat transfer through the cavity intensifies due to convection and radiation.
The study shows that gPS-based gfPs can exhibit thermal transmittances, up to 30% lower than that of gPS, however, two principal requirements must be met. firstly, the conductivity of the gas filling must be significantly lower than the conductivity of gPS (e.g. CO 2 or ar), and secondly, low cavity surface emissivity (e = 0.05) must be ensured. If the cavities are filled with air, which also fills the micro-pores of gPS, the gfP can barely surpass the performance of graphite polystyrene, even with the lowest emissivity. This suggests consideration of a different design -a gPS panel without cavities, but with micro-pores filled with a highly insulative gas.
Comparison of gfPs with square-and diamond-shaped cavities reveals that both geometries exhibit a similar thermal performance in all three forms of heat transfer (conduction, convection, radiation), especially if the cavities are small enough to prevent convection. The optimal cavity size, i.e. the largest to fulfil the last requirement, is approximately twice as big for the horizontal heat flow as it is for the upward heat flow. The actual value also depends on the temperature gradient and the gas filling. Carbon dioxide, being more prone to convection, demands approximately 25% smaller cavity sizes than air and argon.
In the present work it was assumed that the gas barrier was absolutely impermeable. In reality, however, a certain amount of the gas filling would leak through the protective sheath over time, reducing the thermal resistance of the gfP. ageing analysis is beyond the scope of this study but the issue needs to be addressed in the future because excessive leaking could compromise the durability of the product.
another point to be considered is the profitability. While the production cost cannot be precisely determined for the time being, it is evident that it could be relatively high compared to the plain gPS panel, due to both additional work and material. This suggests that the new product might be more appropriate for special cases of application, requiring its superior thermal performance. In the long term, the production cost should be reduced by the optimisation of the production process and the product itself.
To conclude, the gfPs based on a graphite polystyrene core with cavities offer an interesting alternative to conventional thermal insulation materials. Numerical simulations of heat transfer clearly indicate the possibility of substantial improvement of thermal performance. however, further research and development are required before the concept becomes a competitive commercial product. aCkNOWlEDgEMENTS This work was co-financed by the European regional Development fund and the republic of Slovenia, Ministry of Education, Science and Sport under the Operational Programme for Implementing European Cohesion Policy 2014-2020.
